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ABSTRACT

Hypothesis: Threespine stickleback deposit daily growth increments in their otoliths.
Organism: Anadromous threespine stickleback (Gasterosteus aculeatus) from Rabbit Slough,

Alaska.
Methods: We reared stickleback from an in vitro cross for 95 days in a large outdoor pool and

analysed the sagittae of specimens from weekly samples.
Results: Putative daily growth increments in otoliths were significantly correlated with true

age in days (r = 0.97). Other relationships, such as those between age and otolith radius
(r = 0.72), and between standard length and number of increments (r = 0.63) or otolith radius
(r = 0.51), were also significant though not as strong.

Conclusions: These data are consistent with published results for resident freshwater three-
spine stickleback from Great Britain, a different clade, continent, latitude, ecological system,
and fish life history. Ageing young-of-the-year threespine stickleback with daily growth
increments in their otoliths thus appears to be possible for distantly related populations
with different life histories and locations. Daily growth increments in the otoliths of young
stickleback provide a powerful tool for investigating life-history evolution or any subject that
employs precise age as a covariate, since age of wild-caught fish can be associated with a suite
of fitness measures, phenotypes, or genotypes.
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INTRODUCTION

The threespine stickleback (Gasterosteus aculeatus) is a model for both field and laboratory
research in evolution, behaviour, developmental genetics, ecology, and ecotoxicology (e.g. Bell

and Foster, 1994; Katsiadaki et al., 2002; McKinnon and Rundle, 2002; Foster and Baker, 2004; Cresko et al., 2007;

Östlund-Nilsson et al., 2007; von Hippel, 2010; Hendry et al., 2013). The extraordinary natural diversity of
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extant ancestral marine and derived freshwater forms combined with a wide array of tools
for the threespine stickleback system led Gibson (2005) to characterize it as a ‘supermodel’.
The addition of sequenced genomes has enhanced its value (Jones et al., 2012). As such, new
tools that can be employed to provide insights into fundamental questions continually
increase the utility of the threespine stickleback in a wide variety of fields.

One set of anatomical structures of the stickleback that has promise as a research tool
but has received relatively little attention is the otoliths (sagitta, lapillus, and asteriscus).
Otoliths contain annual patterns in growth, allowing fish to be aged, and can be unique
species identifiers (Panfili et al., 2002). Furthermore, the chemistry of otoliths allows the
reconstruction of the thermal and chemical environments of the fish, dietary and life-history
parameters, geographical source, and habitat use over time (Bell, 2001; Campana and Thorrold, 2001;

Panfili et al., 2002; Zimmerman, 2005).
Studies in a number of fish species have documented daily growth increments in the

otoliths, allowing fine-scale ageing and growth studies in young fish (reviewed by Pannella, 1971,

1980; Brothers et al., 1976; Brothers, 1979, 1987; Campana and Neilson, 1985; Jones, 1986; Geffen, 1987, 1992; Radtke, 1989;

Campana, 2001). Cowen et al. (1991) used otolith increments in wild-caught young-of-the-year
marine threespine stickleback to assess age, based on the assumption that the increments
were deposited on a daily basis. Wright and Huntingford (1993) verified daily increment
formation in an experimental study of sagittal otoliths of resident freshwater threespine
stickleback in Great Britain, with their onset corresponding to the day of hatching. They
found little error in the relationship between number of increments and number of days
following hatching up to at least 130 days after hatching (r2 = 0.998, P < 0.001). Such a tight
relationship allows researchers to use otolith increments in field-caught and laboratory-
reared stickleback to age fish early in life, when important developmental (Swarup, 1958) and
ecological changes occur (e.g. Foster et al., 1988; Cowen et al., 1991) and when fitness differences can
impact early growth and survival (e.g. Barrett et al., 2008).

The purpose of the present study is to replicate the findings of Wright and Huntingford
(1993) using direct validation (Wright et al., 2002) in a different part of the threespine stickleback’s
geographical range, and using anadromous stickleback, to increase the confidence that this
ageing technique can be applied in other threespine stickleback populations. Validation is a
critical, yet often ignored, requirement of any ageing study and should be completed for
disparate populations spanning life-history types (Beamish and McFarlane, 1983; Panfili et al., 2002). This
study was specifically designed to test the utility of counts of otolith growth increments in
threespine stickleback from Alaska, which is rapidly becoming a centre of stickleback
research. For this purpose, we tested for the existence of daily growth increments in the
otoliths of stickleback from Rabbit Slough, a frequently studied anadromous population
(Aguirre et al., 2008) within the Cook Inlet, Alaska threespine stickleback radiation (von Hippel,

2008).

MATERIALS AND METHODS

Fish and husbandry

Anadromous threespine stickleback were trapped in Rabbit Slough, Alaska (61.534�N,
149.265�W) using 0.64 cm mesh unbaited minnow traps on 12 June 2001. These fish were
used for an in vitro fertilization to create embryos of known age. On 14 June, 20 males were
killed with an overdose of MS-222 anaesthetic. Their testes were dissected, minced in a few
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drops of water immediately after removal, mixed thoroughly, and stored on ice for a few
minutes. Eggs from 20 anaesthetized females were expressed into a Petri dish with several
drops of water. The combined sperm preparation was spread over the combined eggs and
mixed thoroughly. The eggs were allowed to sit for about 10 minutes and checked for
formation of a fertilization membrane. After fertilization membranes were observed in
several embryos, they were divided roughly evenly into 15 groups and placed into fifteen
5 cm diameter sections of polyvinyl chloride incubators with fine mesh bottoms. The
incubators were suspended in aquaria (water temperature 20–22�C) and the developing
embryos were checked daily for infection; infected embryos were removed. On 15 and 20
June [1 day and 6 days post fertilization (dpf), respectively], embryos were suspended in
sulfa-treated water to minimize infection.

Embryos began to hatch on 19 June (5 dpf). On 20–21 June (6–7 dpf), fry were moved to
different aquaria. Beginning on 20 June (6 dpf), fry were fed daily, alternating between
a commercial Artemia food and brine shrimp nauplii (live and frozen), or a mix of these
foods. On 27–28 June (13–14 dpf), fry were moved to a 1600 litre outdoor pool in
Anchorage (61.120�N, 149.850�W), which was continuously aerated by air stones and
filtered with sponge filters. Partial water changes were also performed periodically. Water
temperature in the pool varied from 13�C to 20�C through the end of August, and from
9�C to 14�C in September. Beginning on 10 July (26 dpf), ground-up frozen brine shrimp
was added to the feeding regime, and on 13 July (29 dpf), Golden Pearls 100–200 µm
were added to the diet. Beginning on 16 July (32 dpf), Golden Pearls 200–300 µm were
used instead of the 100–200 µm food, so that fish were fed daily with a mixture of Golden
Pearls, ground-up frozen brine shrimp, and Artemia food. Beginning on 5 August (52 dpf),
the frozen brine shrimp was used without first grinding it to a smaller size. Beginning on
21 August (68 dpf), fish were fed with only frozen brine shrimp. The pool also trapped or
was naturally colonized by a variety of potential food species, including aquatic
macroinvertebrates.

Approximately once per week (27 July; 3, 10, 19, and 27 August; 3, 10, and 17
September), 7–10 fry were netted from the pool, killed with an overdose of MS-222
anaesthetic, and frozen for otolith extraction.

Ten young-of-the-year anadromous threespine stickleback were collected from Rabbit
Slough in August 2006 to compare otoliths of the 2001 laboratory-reared fish with those of
wild-caught fish. The field-caught fry were killed with an overdose of MS-222 anaesthetic
and frozen prior to otolith removal. Sagittae, which are the largest otoliths in threespine
stickleback, were removed under a dissecting microscope and stored on glass slides in
immersion oil.

Otolith preparation

Otoliths were rinsed to remove immersion oil and affixed to a glass slide with thermoplastic
cement (Crystal Bond 509, Ted Pella, Inc., Redding, CA) for grinding and polishing. A small
chip of Crystal Bond was placed on a microscope slide lying on a hot plate at 40–60�C.
When the Crystal Bond melted, the otolith was pressed into it so that the flat surface
(medial side containing the sulcus) was close and parallel to the surface of the slide. When
the Crystal Bond cooled to room temperature and hardened, a few drops of distilled water
were placed on the surface of the slide, and the embedded otolith was ground by sliding
it over 2000 grit sandpaper. The slide was viewed occasionally during grinding using a
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compound microscope to ensure that the core of the otolith was not removed. The otolith
was polished with a slurry of 0.05 µm Alumina (Beuhler, Ltd., Lake Bluff, IL). Finally, to
ensure that scratches were removed effectively, the polished slide was placed onto a 40–60�C
hot plate. This caused the Crystal Bond to melt and smooth out the surface, which allowed
for better viewing under the microscope. Both sides of the otolith were normally ground by
placing the slide on a hot plate and using forceps to flip the otolith over to grind the newly
exposed surface.

Increment counts and measurements of otolith radii (µm) were made from digital images
captured by a QImaging Micropublisher 3.3 camera through a Nikon Eclipse E400 com-
pound microscope under 400× magnification using Metavue 6.1r0 software. All counts
were made by a single observer (L.C.S.), who did not know the age of the fish from which
the otolith came, to prevent bias. Counts were recorded from the first observable increment
near the centre to the last increment at the otolith edge (Fig. 1). Each radius measurement
and count was made along the 2:00 o’clock radius relative to the orientation of the otolith
shown in Fig. 1. In cases where the otolith was damaged along the 2:00 o’clock radius,
measurements were taken as close as possible on either side of it. Increments were counted
in all otoliths at least three times. Sometimes repeated counts produced different numbers of
increments within a range of up to three increments, and the mean of the counts was used.

Fig. 1. Representative slide of an otolith from a laboratory-reared stickleback. Note the daily growth
increments, the two distinct zones (light on this image), and the 2:00 o’clock radius of measurement
along which increments were counted.
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We were unable to count the increments or measure radii on 12 of the 75 otoliths extracted
from the 2001 laboratory-reared fish because they were broken or the core was lost during
grinding. Four broken otoliths were sufficiently intact to count the increments but not to
measure the radius. All 10 otoliths from 2006 wild-caught fish were suitable for increment
counts and radius measurements.

Otolith analysis

We used simple linear regression to compare the number of increments counted and the
otolith radius to the true age in days of laboratory-reared specimens following the methods
of Wright et al. (2002). We also counted increments and measured radii out to distinct zones
that differed in light transmission, and we measured the width of the zones themselves
(Fig. 1). Data for wild-caught fish are presented only for the centre of the otolith to the
inner edge of the first zone because the second zone in wild-caught young-of-the-year either
did not exist or its start was not as well defined as in laboratory-reared specimens.

RESULTS

The slope of the linear regression of increment count on true age for laboratory-reared
young-of-the-year stickleback was not significantly different from 1 (slope = 0.92, t = 2.703,
d.f. = 2; Fig. 2), and the number of increments was highly correlated with true age in dpf
through the tested age of 95 days (r = 0.97, n = 63, P < 0.001). The relationship between

Fig. 2. Relationship between the number of otolith increments and true age in days post fertilization
for laboratory-reared stickleback.
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otolith radius and age (r = 0.72, n = 59, P < 0.001) was not as strong as the association
between number of increments and age.

All otoliths from laboratory-reared fish had two distinct zones (dark when viewed with
transmitted light, light when viewed on a dark background with reflected light; Fig. 1). The
first zone began between increments 12 and 14, and the second zone between increments
30 and 32 (Fig. 3). In contrast, the otoliths of wild-caught young-of-the-year stickleback
had between one and three distinct zones, but we compare only the first zone with that
of laboratory-reared fish because of greater variability in number and distinctness of
subsequent zones (Table 1).

The standard length of laboratory-reared fish accounted for 39% of the variance in the
number of increments deposited in the otolith (r = 0.63, n = 61, P < 0.001) and 27% of the
variance in the radius of the otolith (r = 0.51, n = 60, P < 0.001) (Fig. 4). Within age classes,
as defined by weekly sampling date, standard length and otolith radius did not show a clear
relationship (Fig. 4). Although increment counts tended to overestimate age early in life, as
fish aged, ageing error increased and increment count underestimated age (Fig. 5).

DISCUSSION

The number of putative daily increments in the sagittal otoliths of laboratory-reared
young-of-the-year threespine stickleback was strongly correlated with true age in days
post fertilization. In this study, fish age accounted for 94% of the variance in number of

Fig. 3. Frequency of distinct zones found to begin at increments between 12 and 13 days and between
30 and 32 days post fertilization in laboratory-reared stickleback.

Table 1. Number of increments and measurements of otoliths for wild-caught (n = 10) versus
laboratory-reared (n = 63 for increments and 59 for measurements) stickleback

Laboratory-reared Wild-caught

Trait mean .. mean ..

No. of increments from otolith centre to inner edge of
first distinct zone

12.5 0.8 21.0 8.5

Width from otolith centre to inner edge of first distinct
zone (µm)

22.9 5.8 21.5 1.9

Width of first distinct zone (µm) 3.0 4.7 3.3 1.6
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increments (Fig. 2). This is comparable to the 99.8% of the variance in number of incre-
ments accounted for by age reported by Wright and Huntingford (1993), although the
strength of our relationship is weaker. The difference in accuracy could be due to different
laboratory methods (interpretation error), or different stickleback populations might show
more or less variation in increment number (e.g. resident freshwater vs. anadromous, Great
Britain vs. Alaska, etc.) due to an incomplete growth record along the measurement radius
[process error (Campana, 2001)]. Regardless, both studies show that daily increment count is an
accurate tool for ageing young-of-the-year threespine stickleback up to at least 95–130 days.
We arrived at the same conclusion as Wright and Huntingford (1993) that because our fish

Fig. 4. Relationship between otolith radius and standard length within and among age classes (as
indicated by sampling date) of lab-reared stickleback.

Fig. 5. Ageing error and age in days post fertilization.
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were raised in a large outdoor pool under ambient light and temperature conditions, and
with a diversity of foods, these results could apply to wild threespine stickleback (see also

Campana, 2001). Such an accurate method to age young stickleback should have broad
applications in ecological and evolutionary studies that concern early life-history events or
natural selection on juvenile phenotypes.

Wright and Huntingford (1993) reported that increment deposition began at hatching
(5 dpf). Swarup (1958) reported the presence of otoliths in unhatched embryos at about
3.5 dpf (i.e. 88 hours), and otoliths were consistently visible in cleared and stained (alcian
and alizarin) Rabbit Slough fry produced by our methods within 6 dpf (i.e. 149 hours),
2 days (48 hours) after hatching began (M.A. Bell et al., unpublished data). The intercept of our
relationship, however, was equal to 5 (Fig. 2), indicating that 5 increments were present at
day 0 even though the otoliths had yet to form. This may have been caused by formation
of sub-daily increments. It has been suggested that otolith increment formation can be
influenced by photoperiod (Eckmann, 2000) with sub-daily increments forming in fish that do
not experience a strongly distinct light and dark period each day (Huuskonen, 1999). In the early
stages of our experiment, day length was over 19 hours, and no distinct dark period is
experienced near the summer solstice at this latitude. At older ages, however, ageing error in
our study increased and increment counts tended to underestimate age (Fig. 5). Such a
relationship suggests that increment formation at older ages is less than one per day in some
cases. More work is needed to assess the role of photoperiod in determining increment
formation rates.

The relationship between the radius of an otolith and true age in days (r2 = 0.52) was not
as strong as the association between number of increments and age (r2 = 0.94; Fig. 2). This
is expected because the thickness of individual increments and thus the radius of the otolith
on any day depend on growth rate or metabolism (Pannella, 1971; Mosegaard et al., 1988; Brothers, 1990).
Clearly, the number of increments should be used preferentially over otolith radius to
determine a stickleback’s age.

Otolith zones varied between laboratory-reared and wild-caught fish (Table 1). This may
have been caused by environmental variation, such as food availability and temperature, or
by developmental milestones (Fig. 3), and such variables often differ between the lab and
field (Campana, 2001). Greater knowledge of the causes of these zones, and the checks between
them, would help to pinpoint life-history events or environmental changes.

The relationships between standard length and the number of otolith increments
(r2 = 0.39) or otolith radius (r2 = 0.27; Fig. 4) were not as strong as were the relationships
between otolith radius or number of increments and true age. This may be expected because
of the potentially confounding factor of negative allometry on increment width; fast-
growing fish typically have wider increments, but perhaps not as wide as would be expected
for the amount of growth that day if there were a 1:1 relationship between fish growth and
otolith growth (Mosegaard et al., 1988). Such an allometric relationship is not apparent, however,
when age classes of fish are considered separately (Fig. 4). [See also Radtke (1989), who found
that patterns of daily growth in Atlantic cod (Gadus morhua) could be estimated from daily
increment widths.]

Potential allometry of increment width deserves further study because a definable relation-
ship would allow researchers to use the width of daily growth increments to reconstruct
the growth history of individual stickleback with different phenotypes, such as different
lateral plate or pelvic phenotypes from populations where those traits are highly variable
(e.g. Lescak et al., 2013). For example, fish with more bone (more lateral plates, more robust pelvic
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girdle) might be expected to grow more slowly when the bones start to develop, which is
a potential cost of armour development (Giles, 1983; Bell et al., 1993; Bourgeois et al., 1994; Marchinko and

Schluter, 2007; Barrett et al., 2008).
Furthermore, the ability to quantify the number of daily growth increments creates new

opportunities to study ecological and evolutionary processes, including offshore dispersal
(Cowen et al., 1991) and selection against juvenile hybrids between members of sympatric species
pairs (Jones et al., 2006; Gow et al., 2007). Similarly, Cargnelli and Gross (1996) studied the
pronounced effect of birth date on overwinter survival in bluegill sunfish (Lepomis macro-
chirus), an analysis that could also be conducted for stickleback populations. These kinds of
problems illustrate the utility of employing otolith data to address questions in stickleback
evolution and ecology.

The relationship between number of daily growth increments and true age observed
in our study of anadromous threespine stickleback is consistent with the results of Wright
and Huntingford (1993) for resident freshwater threespine stickleback from Great Britain, a
different clade (Ortí et al., 1994), continent, latitude, ecological system, and fish life history.
Ageing young-of-the-year threespine stickleback with daily growth increments in the
otoliths thus appears to be possible for distantly related populations with different life
histories and locations. Further validation is needed for populations at the extremes of
the geographic range (e.g. northern Mexico and Mediterranean populations) and habitats
(e.g. thermal pools in Iceland, ponds on the North Slope of Alaska) where threespine
stickleback occur. Additionally, validation is needed for other life-history types (e.g.
limnetic threespine stickleback, the ‘white’ threespine stickleback of Nova Scotia) and for
the Sea of Japan threespine stickleback, the sister group of most other populations in the
species complex (reviewed by Mattern, 2007). Future studies should also investigate the accuracy of
using daily growth increments to age stickleback through their entire lifespan.
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